In this paper continuous wave laser scribing of the metal thin films have been investigated theoretically and experimentally. A formulation is presented based on parameters like beam power, spot size, scanning speed and fluence thresholds. The role of speed on the transient temperature and tracks width is studied numerically. By using two frameworks of pulsed laser ablation of thin films and laser printing on paper, the relation between ablation width and scanning speed has been derived. Furthermore, various speeds of the focused 450 nm continuous laser diode with an elliptical beam spot applied to a 290 nm copper thin film coated on glass, experimentally. The beam power was 150 mW after spatial filtering. By fitting the theoretical formulation to the experimental data, the threshold fluence and energy were obtained to be 13.2 J mm −2 and 414 µJ respectively. An anticipated theoretical parameter named equilibrium border was verified experimentally. It shows that in the scribing of the 290 nm copper thin film, at a distance where the intensity reaches about 1/e of its maximum value, the absorbed fluence on the surface is equal to zero. Therefore the application of continuous laser in metal thin film ablation has different mechanism from pulsed laser drilling and beam scanning in printers.
Keywords: laser scribing model, scanning speed, elliptical beam shape, metal thin film, CW laser In different energy regimes and emission durations (or pulse widths), the ablation could either create a flat surface or form the molten material redeposited at each side of the groove [28, 29] . Accordingly, tuning the laser parameters has a determinative role on the ablation quality.
High-power pulsed lasers are widely used in all spoken categories (specifically metal thin film ablation [19, 30, 31] ) rather than continuous ones (except for cutting in which CO 2 lasers are used widely). It should be mentioned that thin film ablation is also possible using low power lasers. Accordingly, continuous diode lasers which exist in various wavelengths, could be a suitable and cost-efficient alternative for expensive pulsed lasers.
In order to formulate pulsed laser ablation, the threshold fluence is calculated and so the engraved diameter is measured [32] . Usually, three determinant parameters of emission duration, repetition rate and the energy of each pulse, could be adjusted in high-power pulsed lasers. By tuning these parameters, a specific ablation diameter (by drilling) or width (in scanning) is obtained [33] .
The situation changes in continues wave (CW) laser scanning where the emission duration depends on the speed and beam profile [34] . The output power is usually fixed in such lasers. Thus the laser fluence depends on the emission duration. These discrepancies not only make the temporal absorption and ablation equations take different forms, but also causes the ablated area to be the same as that made by pulsed lasers drilling on bulks and metal thin films [35] .
Laser printing uses a similar procedure [36] . By emitting a laser beam on dry ink, it is possible to print an arbitrary pattern on different surfaces. The main difference between laser printing and thin film scribing is the effect of conductivity on the incoming fluence and thus occurring different physical interactions on the surfaces.
In this paper, the ablation behavior from a focused CW laser on a metal thin film is investigated via numerical and experimental analysis. A formulation similar to the point ablation is also presented. Finally, the theory is fitted to the experimental data and ablation parameters yields.
Theoretical model of ablation
In this section, the present theory of single laser shot ablation (drilling) is reviewed. This framework is then revised for asymmetrical beam profile.
The section is followed by introducing a theory for CW laser scribing. Here the formulation of laser printing on paper is utilized for scribing without applying its approximation. Eventually, the metal thin film role on ablation and especially scribing is investigated.
In the last part of this section, the numerical analysis of transient temperature is introduced and the ablation width is calculated as a function of scanning speed.
It should be mentioned that the theory of pulsed laser scanning has different considerations which are not applicable here.
Formulation of pulsed laser ablation
As mentioned in the previous section, pulse width and repetition rate have fundamental roles in ablation [37] . Irrespective of the surface type, the pulse width is applicable in three different regimes of nano, pico and femtoseconds [25] . The energy received from each pulse could be derived using the time integration of instant output power of a single pulse (this equation will be used in next section). The output power P out for each pulse is considered constant during the time t p (the pulse width). The energy of each pulse then has a fixed amount of E 0 :
If the laser beam is exposed to a surface, the total energy received is:
in which η is the absorption efficiency, F 0 is the maximum fluence received by the specimen and x σ and y σ are half-width of the focused beam in vertical and horizontal axis, respectively. Integrating the fluence in x-y coordinate leads to:
For an elliptical ( x y σ σ ≠ ) and especially a circular ( x y σ σ = ) laser beam we have:
here R is a dimensionless radii. F th is defined as the threshold fluence at the border [38] . If the ablation occurs up to the R (in which σ = y R 2 y and x R 2 x σ = are the major and minor radii respectively), it is then:
where E F th 2 x y th = πσ σ η is the threshold energy. For energy E E th = the ablation radii would be zero.
Formulation of CW laser ablation
In order to obtain the ablation width under CW laser emission, the effective fluence must be calculated. Starting from the power received by the specimen,
and integrating over x-y coordinates, I 0 is found as
According to (6) the intensity I(x,y) in x-y coordinates is:
Considering V as the scanning speed in the y direction, the receiving laser fluence at y = Vt (assuming that y y 0
) is calculated by integrating the intensity over time.
In order to calculate the integral, we use the change of vari- 
in which erf( ) α is error function. The emission duration in (9) has to be still determined. As mentioned earlier, the beam profile is considered elliptical; then . The laser spot is shown in faded blue, the copper thin film is shown in orange and for d = 1 the ablation area shown in solid green. 
According to (10) , VT in (9) could be written as
The fluence F(x,y) thus reads As a conclusion, using (12) , the effective fluence is proportional to the scanning speed and position:
Equation (12) consists of two parts: the first part is the Gaussian function which shows the ideal fluence distribution (shown in figure 1 with d → ∞) . The second part, is the correction for non-ideal situations. The error function at the distance d 2 x σ from the scanning axis, equals to zero which shows the equilibrium between incoming and wasted fluence (shown in figure 1 with d 2  ⩽ ) . By applying the condition F x y F , th ( )⩾ , ablation area could be obtained (shown in figure 1 with solid green and figure 2 inside the dark red contour).
There are at least three factors for the fluence loss after absorption: thermal conductivity of the thin film, contact with the substrate, and the surrounding air. These factors depend on the sample preparation (i.e. thickness, material and other properties of the layer and substrate) along with experiment conditions (i.e. temperature, humidity and pressure) and could affect the energy loss. For the ideal situation, where these factors could be assumed ineffective and we have d → ∞, the error functions approach unity. This situation supposed in laser printing on paper [39] .
The difference between laser scanning operation on metal and insulator films (like laser printers dry ink) is now realized [40] . For metal thin films, energy loss factors could waste a fraction of the absorbed fluence and affect the ablation profile directly. On the other hand, the error function could be calculated at infinity for an insulator layer. In other words, we may write the fluence as:
in which F * (x,V) and F(x,V) are the ideal and effective fluence, respectively.
It is not possible to reverse (12) because the error function cannot be reversed directly. In order to inverse the equations (in order to obtain an explicit relation for ablation width as a function of threshold fluence, speed and beam properties), the approximated error function should be replaced and the position in terms of fluence and scanning speed is calculated. In the previous equations, the parameter d denotes the border at which the receiving and wasted energy are in equilibrium. So it could be named as equilibrium parameter or equilibrium border (see figure 1) . 
Simulation of thermal distribution
In laser ablation, the incident beam is absorbed by film and thermal distribution on that which obeys the heat conduction equation as follows [41, 42] :
in which Q denotes volumetric absorbed power (W m
), θ temperature, t time, ρ density, c specific heat capacity and κ denotes thermal conductivity. f16 is a partial differential equation (PDE) [43] and could be simplified and investigated in two different ways. The first approach is one dimensional analysis in z direction for different times t in order to determine the ablation depth [44, 45] and second one is using two dimensional x-y analysis [46, 47] . According to the low speed of scanning and also the greater size of the spot compared to the layer thickness, the second approach is chosen in this section and the volumetric absorbed power is obtained from 
where P, δ, x 0 and y 0 denote the incident beam power, film thickness and initial positions, respectively. The numerical analysis of thermal distribution on a copper thin film was done considering properties shown in table 1. The initial temperature of analysis was set as t 300 0 ( ) θ = K for t 0 = 0 and constant temperature of 300 K was considered for film boundary. The scanning length was then divided into 1000 equal parts and the evolution was investigated within these parts [50] . After calculating function x y t , , ( ) θ , the maximum temperature of each part was gained for the whole time interval. The results are shown in figure 3 . The maximum ablation width was also calculated as shown in figure 8 . 
Experiment
In this section, the effect of adjustable parameters on the ablation width made by CW laser is investigated. It is expected that parameters such as absorption efficiency ( ) η , equilibrium border (d) and F th ( ) to depend on film thickness. By increasing the thickness, ( ) η and F th ( ) will increase and equilibrium parameter will decrease. Experimental conditions are summarized in table 2.
In order to implement TEM 00 mode, a multi-mode 450 nm CW diode laser was focused on a 500 µm aperture (pinhole) as a spatial filter (see figure 4) . However, this setup is not ideal. due to the fact that laser diode is multi-mode (figure 5), higher degrees of diffraction appear in the output (on the left and right hand sides of figure 6 ) which are negligible. The main parameters of the filtering are the shape and power of the output beam which could be achieved using these costefficient and effective elements.
Main specifications and measured parameters of the spatial filter are shown in table 3. Based on these quantities, the spatial filter had the power efficiency of about 10% which was a relatively small value but enough to make ablation. In this experiment, a doublet lens with the focal length of 8 mm was placed at the approximate distance of 800 mm from the pinhole for beam focusing. The sample was made of a 290 nm copper thin film deposited on a glass substrate using physical vapor deposition (PVD) method. Laser scanning was performed for 20 different speeds, using an XYZ positioner. Results are shown in figure 7.
Results
Ablation width for various quantities of parameter V (scanning speed) was measured by microscopic images. Optimizing (12) for experiment conditions, parameters of table 3 coincide the data is shown in figure 7 .
The experimental data was then fitted to the theoretical relation. Primarily, the fluence F(x,V) obtained utilizing (12) for various positions and speeds. After calculating the fluence X1000 -100 m µ University of Tehran at an arbitrary position x, the value was compared to F th ( ). The difference between two ablation borders (which is symmetric according to (12) is considered as the ablation width. Finally, using the experimental data, a nearest set of parameters is plotted as the fitting result along with the main data (see figure 8 ).
Other curves show the ablation width for similar parameters and different equilibrium borders in figure 8 .
Note that the data has a considerable variance according to the line edge roughness (LER, see figure 7 ) [52] . This variance had been taken into account as the error bars in figure 8.
Conclusion
Using the existing formulations of single laser shot ablation, a similar relation was introduced for CW lasers. The parameters like beam profile, threshold fluence (which is expected to be a function of the laser wavelength, material, and thickness of the thin film and substrate itself), absorption efficiency and incident power (or energy) are common in CW and pulsed laser ablation framework. The main differences between these two are the velocity and a oredicted argument named equilibrium parameter or equilibrium border .
According to (13) , half-width of the laser beam in the perpend icular ( x σ ) and parallel direction ( y σ ), appears directly and indirectly respectively.
For pulsed lasers, the emission duration is specified using pulse width. This parameter appears in the error function for CW lasers which is replaceable with a spatial expression. It expected to depend on the thermal conductivity of the sample, substrate and generally the total wasted fluence.
As it is shown in figure 8 , for speeds less than 1300 µm s −1 , the numerical analysis fits almost as well with the experimental data and could be improved considering the three dimensional analysis.
The laser power seems to be a better variable in order to change the ablation width. Although this parameter does not behave linearly, but it could be changed and adjusted easily in real circumstances. Of course, it is obvious that with a proper optical design and changing the transverse half width x σ during the laser scanning, the beam's width on the layer could be adjusted.
